Abstract. Colorectal cancer is one of the leading malignancies in the world. The mortality is mainly caused by tumor metastasis. It is urgent to find new therapeutics against metastatic colorectal cancer. We constructed an adenovirus carrying a Survivin targeted shRNA, tested its effects alone or with 5-fluorouracil (5-FU) both in vitro and in a nude mouse xenograft model. Results showed that the recombinant adenovirus reduced the expression of Survivin effectively, and administration of virus together with 5-FU inhibited cancer cell metastasis both in vitro and in vivo at concentrations at which each agent alone was ineffective. We conclude Survivin targeted virotherapy together with 5-FU chemotherapy may be a promising treatment for metastatic colorectal cancer.
Introduction
Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the US and the incidence is increasing rather rapidly in developing countries including China (1) . Although traditional treatments for colorectal cancer such as surgical resection and chemotherapy have made improvement, the overall survival rate is not satisfactory because of tumor recurrence and metastasis (2) (3) (4) . It is of great importance to find new therapeutics against metastatic colorectal cancer.
Adjuvant chemotherapy has now become the first line therapy for colorectal cancer and 5-FU is the most effective systemic chemotherapeutic agent in the management of advanced colorectal cancer by inducing apoptosis (5, 6) . However, 5-FU itself alone does not substantially improve survival rates. Moreover, severe toxic side effect is the major clinical obstacle associated with 5-FU therapy. The dosage that is necessary to overcome even a small increase in cellular resistance can result in severe cytotoxicity in normal cells. When combined with biological or radiation therapy, 5-FU usually shows synergistic effects (7) .
Oncolytic virus virotherapy has been proved by many studies to be effective against various types of malignancies (8) (9) (10) (11) . ONYX-015, a well known E1B-55 kDa deleted adenovirus, has been used in clinical trials and achieved encouraging results, but the therapeutic efficacy of ONYX-015 is limited when used alone (12, 13) . In our previous study, we constructed an E1B-55 kDa deleted adenovirus similar to ONYX-015 carrying an shRNA against Survivin, which showed obvious inhibition effects specifically on tumor cells (14) . We hypo-thesized this construct may show more potent effects when combined with 5-FU chemotherapy because they both induce apoptosis but in different mechanisms. Interestingly, we found combined treatment with both oncolytic virotherapy and chemotherapy significantly suppressed the metastatic ability of LoVo cell both in vitro and in vivo. This novel modality may provide a promising treatment for metastatic colorectal cancer patients.
Materials and methods
Cell lines and cell culture. Human colon adenocacinoma cell line LoVo and SW480 were obtained from Shanghai Cell Collection (Shanghai, China). HEK293 cell was purchased from Microbix Biosystems Inc. and they were routinely cultured in Dulbecco's modified Eagle's media (Gibco, Carlsbad, CA, USA) supplemented with 10% (vol/vol) fetal bovine serum (Gibco) at 37˚C in a humidified incubator containing 5% CO 2 .
Construction of Survivin shRNA expression plasmid. A pair of short hairpin RNA (shRNA) targeting Survivin (GeneBank accession NM_001168) which has been reported (6) was constructed. The sequence was a 19nt small interfering RNA: GGCTGGCTTCATCCACTGC (86-104) with a ring sequence of 9 base pairs connecting the sense and antisense strands (TTCAAGAGA). The shRNA was constructed into pMD-18T plasmid (Takara), namely pMD-18T-S. The sequence was not homologous with any human coding gene by BLAST analysis. Western blot analysis. Cells were treated with adenovirus and/or 5-FU and were incubated for 48 h and then harvested.
The protein extracts were separated via sodium dodecyl sulfate-polyacdene gel electrophoresis and transferred onto nitrocellulose membranes. The membrane was then blocked with the primary polycolonal antibody against Survivin and ß-actin (rabbit anti-human, Santa Cruz, CA) at 4˚C overnight. After washing with PBS containing 0.05% Tween-20 the membranes were incubated with secondary antibody (goat anti-rabbit, Santa Cruz) for 2 h. They were visualized by chemiluminescence system according to manufacturer's instruction.
Cell viability assay. Cells were seeded in 96-well plates for 24 h at 1x10 4 per well and treated with adenovirus, 5-FU or a combination of the virus and 5-FU at the indicated MOIs or drug dosages. After indicated time of incubation, 15 μl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml in PBS) was added to each well for 4 h incubation at 37˚C followed by the addition of 150 μl DMSO. Absorbance at 570 nm was measured for cell viability in each well.
In vitro cell migration and invasion assays. Cell migration was evaluated in 24-well transwell chambers (Corning) with upper and lower compartments separated by polycarbonate membranes with 8-μm pores. The bottom chamber was filled with Dulbecco's modified Eagle's media supplemented with 10% fetal bovine serum as a chemoattractant. Pretransfected cells with or without 5-FU were plated in the upper chamber and incubated for 24 h at 37˚C in a humidified incubator containing 5% CO 2 . The cells remained at the upper surface of the membrane were removed with a cotton swab. The cells that migrated through the pores were fixed with methanol and stained with crystal violet. Cell numbers were counted in 5 separate fields using light microscopy at x200 magnification.
In a similar fashion, the invasiveness of LoVo and SW480 cells were determined using Geltrex™ (Invitrogen) coated 24-well transwell chambers. Serum deprived cells were added to the upper surface of each chamber. The bottom chamber was filled with DMEM containing 10% FBS. Cells were allowed 24 h to migrate to the underside of the membrane. Non-invading cells were removed by wiping the upper side of the membrane and the invaded cells were fixed, stained and counted in the manner mentioned above.
Animal studies. Five-week-old, female BALBC/C nude mice were obtained from the Laboratory Animal Center of Chongqing Medical University. They were maintained in the specific pathogen-free unit under isothermal conditions. All experimental procedures were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals.
A foot pad colorectal carcinoma model was established as described previously by Harrell et al (15) . Briefly, 5x10 5 SW480 cells suspended in 50 μl serum-free medium was injected into the foot pad of the hind leg. When tumors size reached about 100 mm 3 , mice were randomly divided into 4 groups with 6 mice in each group. ZD-Sur-EGFP and ZD-EGFP were injected through the tail vein with 2x10 7 PFU adenoviruses suspended in 50 μl PBS or 50 μl PBS alone for consecutive 3 days. 5-FU was intraperitoneally injected with 5-FU (Sigma, 80 μg/body) everyday for 5 days. The volume of tumor was calculated by the formula: V (mm 3 ) = length x width 2 /2. Consecutive sections were made for every removed lymph node and stained with hematoxylin-eosin to identify whether lymphatic metastasis exists.
Statistical analysis. ANOVA or analysis of weighted least squares estimates were used for statistical analysis as appropriate. Differences were considered significant at P<0.05. The data are represented as mean ± SD, unless otherwise indicated. All experiments were repeated in triplicate. 
Results
Adenovirus construction and identification. Recombinant oncolytic adenovirus ZD55-Sur-EGFP was constructed by homologous recombination of pZD55-Sur-EGFP and the packaging plasmid pBHGE3. The schematic picture shows the recombinant ZD55-Sur-EGFP (Fig. 1) . The result was confirmed by restrictive enzyme digestion assay and sequence assay.
Reduction of Survivin expression. Western blot analysis was performed 48 h after treatment. Cotreatment of ZD55-Sur-EGFP and 5-FU showed no significant difference in downregulating Survivin expression when compared with ZD55-Sur-EGFP alone (Fig. 2) .
Cell viability was suppressed by combination of low dosages of adenovirus and 5-FU. LoVo and SW480 cells were infected
with ZD55-Sur-EGFP or 5-FU respectively or in combination. The result showed that both virus and 5-FU decreased the cell viability in a dose-dependent manner (Fig. 3A) . On the basis of a previous report showing that subtumoricidal dosages (4 μM, ~0.5 μg/ml) of 5-FU treatment facilitated the replication of an adenovirus but by itself did not show any antiproliferative activity (16, 17) , we selected the dose of 0.5 μg/ml 5-FU to evaluate the synergistic cytopathic effects of ZD55-Sur-EGFP and 5-FU and the result is shown in Fig. 3B . The viability of tumor cells in the co-treated group was significantly inhibited compared to other groups.
Effects of oncolytic virus and 5-FU on tumor cell metastasis in vitro.
The migration and metastatic potential of tumor cells were evaluated by transwell assay. As shown in Fig. 4 , the migration and metastasis of 5-FU and oncolytic virus treated group was obviously attenuated, suggesting that the migratory and invasive potential of LoVo cell was significantly decreased after the treatment.
Inhibition of tumor growth and lymphatic metastasis in xenograft model. We next investigated the effect of the virus and 5-FU in vivo to determine whether this combination was still effective. When the tumor size reached 100 mm 3 , the mice were treated with subtumoricidal dosages of ZD55-Sur-EGFP and 5-FU (2x10 7 PFU and 80 μg/body) respectively or in combination. Results showed the combination administration could significantly decrease both tumor volume (Fig. 5) and lymph node metastasis (Table I) . The average tumor volume Table I . The sentinel lymph node metastasis in different groups.
.001 vs. other groups.
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Discussion
Colorectal carcinoma is the most frequent alimentary system malignancy, which accounts for 40% of the estimated new cancer cases of the digestive tract (18) . Although the incidence of CRC in developed countries is slowly decreasing, it is increasing rapidly in developing countries. Despite the advances in diagnostic and therapeutic methodologies, the prognoses of metastatic colorectal cancer patients still remain poor. The mortality of CRC is mainly due to the high metastatic potential of tumor cells and the urgent to establish a more effective therapeutic modality for metastatic CRC. Survivin gene is highly expressed in human colorectal cancer and has a close relationship with the prognosis. There are several reports on close relationship between the Survivin expressed by tumor tissue and staging, prognosis of the patients. Miyachi et al found the level of survivin mRNA expression may indicate the potential for lymph node metastasis in patients with gastric cancer (19) . Yie and his colleagues concluded the detection of circulating cancer cells expressing Survivin mRNA could be used to accurately identify gastric and colorectal cancer patients with high risks of relapse (20) . A recent study by Zhang et al indicated that Survivin was significantly correlated with clinical staging and lymph node metastasis in thyroid carcinoma (21) .
Some studies have sought to stimulate apoptosis of tumor cells. A series of investigations including ours has generated oncolytic adenoviruses from the same backbone with different proapoptotic transgenes and demonstrated significant inhibitory effect both in vitro and in animal models (14, 22) . Some of these have succeeded in inducing synergistic oncolytic effects by combining virotherapy with the chemotherapeutic agents such as 5-FU and cisplatin (7, 23, 24) . Based on these results, we carried out our study on a combined therapy using armed adenovirus and 5-FU against colorectal cancer cells.
In our previous study, we showed that oncolytic adenovirus carrying a Survivin shRNA significantly attenuated the growth of cancer cells both in vitro and in vivo. However, due to the transient nature of adenovirus expression and the immune response against the adenovirus (25, 26) , it is necessary to find a better approach to circumvent this shortcoming.
In this study, we combined armed oncolytic adenovirus virotherapy with 5-FU chemotherapy, and tested their effects on human colorectal cancer cell lines. The results showed a synergistic effect even though both agents were at low dosage. In our present study, colorectal cell lines were treated with ZD55-Sur-EGFP or 5-FU and dose-dependent cytotoxicity was observed. Then we chose the maximal concentrations for both agents that would not lead to significant cell death to examine the migration and metastasis of tumor cells. The result indicated the migratory and metastatic potential of tumor cells were significantly attenuated.
Lymphatic metastasis is the most primary pathway for colon cancer metastasis. To test the synergistic effect in vivo, we directed our animal studies to investigate the effects of 5-FU and adnovirus on lymphatic metastasis. Certain advantages and limitations are associated with both spontaneous and experimental models of tumor metastasis and no single system can model the exact biological environment that is encountered during human tumorigenesis and progression. We selected a foot pad model of lymphatic metastasis for multiple reasons (27) . First, the model has been well established and described. Moreover, this model simulated the development of lymphatic metastasis with multiple sentinel lymph nodes which is convenient for evaluating the treatment (15, 28) . Using this model we demonstrated the growth of xenograft tumors and lymph node metastasis were obviously attenuated even when both 5-FU and oncolytic adenovirus were at very low dosage.
Despite the encouraging results, the limitation of this research is that it does not explain the mechanism underlying the synergy. However, this research indicates a promising modality for metastatic CRC.
